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Traumatic brain injury (TBI) is an important global public health burden, where those injured
by high-energy transfer (e.g., road traffic collisions) are assumed to have more severe injury
and are prioritised by emergency medical service trauma triage tools. However recent stud-
ies suggest an increasing TBI disease burden in older people injured through low-energy
falls. We aimed to assess the prevalence of low-energy falls among patients presenting to
hospital with TBI, and to compare their characteristics, care pathways, and outcomes to TBI
caused by high-energy trauma.
Methods and findings
We conducted a comparative cohort study utilising the CENTER-TBI (Collaborative Euro-
pean NeuroTrauma Effectiveness Research in TBI) Registry, which recorded patient demo-
graphics, injury, care pathway, and acute care outcome data in 56 acute trauma receiving
hospitals across 18 countries (17 countries in Europe and Israel). Patients presenting with
TBI and indications for computed tomography (CT) brain scan between 2014 to 2018 were
purposively sampled. The main study outcomes were (i) the prevalence of low-energy falls
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causing TBI within the overall cohort and (ii) comparisons of TBI patients injured by low-
energy falls to TBI patients injured by high-energy transfer—in terms of demographic and
injury characteristics, care pathways, and hospital mortality. In total, 22,782 eligible patients
were enrolled, and study outcomes were analysed for 21,681 TBI patients with known injury
mechanism; 40% (95% CI 39% to 41%) (8,622/21,681) of patients with TBI were injured by
low-energy falls. Compared to 13,059 patients injured by high-energy transfer (HE cohort),
the those injured through low-energy falls (LE cohort) were older (LE cohort, median 74
[IQR 56 to 84] years, versus HE cohort, median 42 [IQR 25 to 60] years; p < 0.001), more
often female (LE cohort, 50% [95% CI 48% to 51%], versus HE cohort, 32% [95% CI 31% to
34%]; p < 0.001), more frequently taking pre-injury anticoagulants or/and platelet aggrega-
tion inhibitors (LE cohort, 44% [95% CI 42% to 45%], versus HE cohort, 13% [95% CI 11%
to 14%]; p < 0.001), and less often presenting with moderately or severely impaired con-
scious level (LE cohort, 7.8% [95% CI 5.6% to 9.8%], versus HE cohort, 10% [95% CI 8.7%
to 12%]; p < 0.001), but had similar in-hospital mortality (LE cohort, 6.3% [95% CI 4.2% to
8.3%], versus HE cohort, 7.0% [95% CI 5.3% to 8.6%]; p = 0.83). The CT brain scan trau-
matic abnormality rate was 3% lower in the LE cohort (LE cohort, 29% [95% CI 27% to
31%], versus HE cohort, 32% [95% CI 31% to 34%]; p < 0.001); individuals in the LE cohort
were 50% less likely to receive critical care (LE cohort, 12% [95% CI 9.5% to 13%], versus
HE cohort, 24% [95% CI 23% to 26%]; p < 0.001) or emergency interventions (LE cohort,
7.5% [95% CI 5.4% to 9.5%], versus HE cohort, 13% [95% CI 12% to 15%]; p < 0.001) than
patients injured by high-energy transfer. The purposive sampling strategy and censorship of
patient outcomes beyond hospital discharge are the main study limitations.
Conclusions
We observed that patients sustaining TBI from low-energy falls are an important component
of the TBI disease burden and a distinct demographic cohort; further, our findings suggest
that energy transfer may not predict intracranial injury or acute care mortality in patients with
TBI presenting to hospital. This suggests that factors beyond energy transfer level may be
more relevant to prehospital and emergency department TBI triage in older people. A spe-
cific focus to improve prevention and care for patients sustaining TBI from low-energy falls is
required.
Author summary
Whywas this study done?
• Traumatic brain injury (TBI) poses a huge global disease burden, considered to mainly
result from high-energy transfer mechanisms such as road traffic collisions, sports, falls
from a height, and interpersonal violence.
• People injured through low-energy transfer (ground- or low-level falls) are considered
less likely to sustain significant TBI, so can be given lower priority for acute specialist
care within emergency medical services (triage decisions).
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• Recent multinational studies challenge these assumptions by identifying falls as an
important TBI causal mechanism—but these studies seldom describe fall height.
• The lack of clarity concerning the low-energy TBI disease burden hampers effective pre-
vention and clinical management.
What did the researchers do and find?
• We studied 21,681 patients with TBI presenting to 56 hospital emergency departments
across Europe and Israel using an efficient registry methodology enabling a real-world
approach.
• We found that the 40% of patients with TBI who were injured through low-energy falls
were significantly older, more likely to be female, and more likely to be taking pre-injury
drugs that prevent blood clotting than patients with TBI sustained through high-energy
transfer.
• Despite similar rates of significant injury on the CT brain scan and of dying in hospital,
patients injured through low-energy falls were half as likely to receive critical care or
emergency intervention compared to those injured by high-energy transfer.
What do these findings mean?
• Low-energy falls contribute to a significant portion of the TBI disease burden, which
will increase as the global population ages.
• In older people, the assumption that energy transfer predicts brain injury severity and
threat to life appears to lack validity.
• Factors beyond energy transfer level may be more relevant to prehospital and emer-
gency department TBI triage in older people. The appropriateness of providing less
intensive acute hospital care after low-energy TBI requires further study.
• Reduction of TBI disease burden requires specific prevention and therapy initiatives tar-
geted at low-energy TBI.
Introduction
Traumatic brain injury (TBI) is a complex, imperfectly understood global disease [1], defined
as ‘an alteration in brain function, or other evidence of brain pathology, caused by an external
force’ [2]. This external force transfers mechanical energy to the brain to a degree that impairs
its capacity for normal functioning, with the extent of injury varying with impact energy level
[3–5]. Injury classification by energy transfer mechanism (high-energy transfer most com-
monly results from road traffic collisions, falling from a height, blunt assault, or contact sports
while low-energy transfer results from low-level falls or those from a standing height [6–8])
has received broad attention in general trauma care and informs emergency medical service
(EMS) on-scene trauma triage [3,8,9], with patients injured by high-energy transfer mecha-
nisms being conveyed to higher levels of care within specialist trauma centres. High-energy
transfer mechanisms are also the major focus of injury prevention and safety initiatives. This
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prioritisation is underpinned by an assumption that high-energy transfer is more likely to
result in tissue damage that is potentially life-threatening or life-altering. Hence, the TBI dis-
ease burden is traditionally attributed to high-energy transfer mechanisms, with patients with
TBI historically being described in terms of the presenting Glasgow Coma Scale (GCS; mea-
sure of consciousness level) [10] and head CT findings [11]—using International Classification
of Diseases codes [12], the Abbreviated Injury Scale (AIS) [13], or the Marshall classification
system [14]—rather than by energy transfer level.
Recent studies challenge the paradigm of prioritising high-energy transfer mechanisms as
the best strategy for reducing TBI disease burden. Falls are now the leading cause of TBI in
Europe and other high-income countries—particularly in older people [7,15–20]. Not only are
older people more likely to sustain a low-level fall, but age-related changes to the brain and
blood vessels increase the likelihood of a consequent significant intracranial injury and
decrease recovery potential. However, most published TBI series do not differentiate high-
from low-energy-transfer falls. A specific focus on low-energy TBI disease burden is required,
and the appropriateness of current injury prevention, EMS, and trauma centre triage priorities
should be addressed.
The CENTER-TBI (Collaborative European NeuroTrauma Effectiveness Research in TBI)
Registry aims to address the entire spectrum of TBI to increase our understanding of the most
complex disease in the most complex organ [21–23]. It was established alongside core data col-
lection, aiming to capture ‘real world’ data in large numbers of individuals to inform improve-
ments in clinical management and injury prevention [24].
The aim of this study is to assess the TBI disease burden attributable to low-energy mecha-
nisms by determining the prevalence of low-energy transfer as a causal mechanism for TBI
and comparing—by causal energy level—the demographic, injury, acute care pathway, and
early outcome characteristics of patients with TBI who presented to CENTER-TBI Registry
recruiting hospitals in Europe and Israel.
Methods
We established a prospective CENTER-TBI Registry in 56 participating centres across 18
countries (17 in Europe and Israel; S8 Table). The study enrolled patients presenting between
1 December 2014 and 31 January 2018 (S1 Fig). TBI patient advocacy groups contributed to
study design and conduct through the study advisory board, facilitated by a dedicated section
on the study website. We conducted a comparative cohort study between patients injured
through low-energy falls and those injured by higher energy transfer mechanisms.
Inclusion and exclusion criteria
The CENTER-TBI Registry included patients of all ages with a suspected or clinical diagnosis
of TBI in whom computed tomography (CT) brain scan was conducted [23]. There were no
exclusion criteria for recruitment. In particular, the registry included patients with pre-existing
cognitive impairment such as dementia, severely injured patients who died in the emergency
department (ED) resuscitation room prior to imaging, and patients presenting more than 24
hours after injury. These 3 groups were excluded from recruitment to the separate CEN-
TER-TBI core cohort study of 4,509 patients within study centres. Recruitment to the core and
registry were mutually exclusive [24].
Data collection procedures for the CENTER-TBI Registry
Clinical data were collated over a 37-month period. No specific study interventions were per-
formed. Study research teams were notified on arrival of eligible patients or identified these by
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screening their sites’ radiology imaging directories and ED records. Eligible patients’ registry
variables were collated from the clinical record after the patient had been discharged (or died),
and were entered into the electronic case report form. This registry methodology enabled data
to be collected in batches to increase efficiency and reduce cost. Sampling was purposive; train-
ing was provided that study teams should include a representative sample of patients with TBI
presenting within specific 24-hour periods (with the selected 24-hour periods covering equally
the different weekdays and seasons of the year). No patient identifiers were stored. The CEN-
TER-TBI Registry data are stored on a secure database, hosted by the International Neuroin-
formatics Coordinating Facility in Stockholm, Sweden. Data curation was conducted by the
CENTER-TBI Registry Work Package lead centre (FEL and OO).
Case report form variables
We collected variables describing demographics (age and sex), pre-existing health status [25]
including pre-injury anticoagulant and antiplatelet use, mechanism of injury, injury severity
descriptors (GCS and AIS), presenting physiological vital signs (blood pressure, oxygen satura-
tion, and pupillary responses), radiologically reported CT brain findings (classified as presence
or absence of small or large epidural haematoma/acute subdural haematoma/brain contusion,
subarachnoid haemorrhage, midline shift, basal cistern compression, and individual patient
Marshall grading of CT findings [14]), processes of care (intubation status prior to arrival at
study centre, method of referral to study centre [direct from scene versus secondary transfer
from a referring hospital], time from study hospital arrival to CT brain scan, intensive care
unit [ICU] admission, and key emergency interventions, i.e. craniotomy, intracranial pressure
monitoring, decompressive craniectomy, external limb fixation, emergency laparotomy, thora-
cotomy, and extraperitoneal pelvic packing), and immediate outcome of care in terms of hos-
pital mortality, length of stay (or time to death, where this occurred), and destination on
discharge (own home, nursing home, another hospital, or rehabilitation centre). These vari-
ables were derived from the Utstein trauma template used for standard trauma registry collec-
tion across Europe, North America, and Australasia [26]. Patients were described in terms of 1
of 3 clinical care pathways after presentation, triage, and CT brain scan: discharge home or
direct to the mortuary from the ED, admission to the hospital but not to the ICU, or admission
to the ICU. A web-based data entry format was implemented.
Classification of patients by injury energy mechanism
TBI patients with the following mechanisms of injury were classified as having high-energy
TBI: motor vehicle incidents, collisions involving bicycles and motorcycles, falls from a height,
assaults, sports, and other high-energy transfer incidents; falls from a standing or low height
were classified as low-energy TBI [6–8].
Statistical analysis
Increased understanding of TBI disease burden through improved classification, and identifi-
cation of effective care, are core objectives in the 2015 CENTER-TBI published protocol of the
core and registry studies [23]. The protocol also specified the patient characteristic, care path-
way, and outcome variables for collection within the registry that could best support these
objectives [23]. The study objectives and analysis plan for determining the low-energy TBI dis-
ease burden were stimulated by publications [3,6,7,18] highlighting falls as an increasingly
common mechanism causing TBI during and shortly after the completion of CENTER-TBI
patient recruitment. The analysis plan was agreed on by the authors at a study meeting at
the University of Antwerp in January 2019. We prespecified the energy transfer patient
PLOS MEDICINE Low-energy traumatic brain injury
PLOSMedicine | https://doi.org/10.1371/journal.pmed.1003761 September 14, 2021 5 / 22
classification—informed by the literature (Fig 1); variables and statistical methods for compar-
ison by energy transfer level are available in S1 Analysis Plan. The study analysis plan has not
been modified since. The analysis was based on the CENTER-TBI Registry data version 2.0,
downloaded from a data management tool, Neurobot (https://center-tbi.incf.org/).
We carried out comparative analysis by energy transfer level. Continuous and ordinal vari-
ables (age, time intervals, GCS, AIS [10,13], and Injury Severity Score (ISS) [27]) are presented
as median and interquartile range (IQR), while categorical variables are presented as number
and percentage. Chi-squared tests were used to compare categorical variables between low-
and high-energy TBI categories, while non-parametric continuous and ordinal variables were
compared using the Mann–Whitney test.
Analyses were performed using IBM Statistical Package for Social Sciences (SPSS) version
23, Microsoft Excel 2010, and RStudio (version 1.0.136).
An Excel radar plot compared the time of day of hospital arrival by energy transfer level;
the arrival times of the overall cohort were also compared to those of patients with TBI submit-
ted to the largest European trauma registry—the Trauma Audit and Research Network
(https://www.tarn.ac.uk), which has Section 251 (Health Research Authority) approval for
analysis of anonymised data. This facilitated appraisal of the purposive sampling strategy.
Ethics statement
The CENTER-TBI study (EC grant 602150) was conducted in accordance with all relevant
laws of the European Union if directly applicable or of direct effect and all relevant laws of the
country where the recruiting sites were located, including, but not limited to, relevant privacy
and data protection laws and regulations, relevant laws and regulations on the use of human
materials, and all relevant guidance relating to clinical studies at various times in force, includ-
ing, but not limited to, the ICH Harmonised Tripartite Guideline for Good Clinical Practice
(CPMP/ICH/135/95) and the World Medical Association Declaration of Helsinki.
Fig 1. Identification of patients injured by high- and low-energy transfer. RTC, road traffic collision; TBI, traumatic brain injury.
https://doi.org/10.1371/journal.pmed.1003761.g001
PLOS MEDICINE Low-energy traumatic brain injury
PLOSMedicine | https://doi.org/10.1371/journal.pmed.1003761 September 14, 2021 6 / 22
Informed consent was not required as only administrative and routinely collected clinical
data were accessed. However, national and local institutional review board approvals were
obtained as per national guidelines. For example, within the UK, approval was obtained from
the Health Research Authority.
Ethical approval was obtained for each recruiting site. The list of sites, ethical committees,
approval numbers, and approval dates can be found at https://www.center-tbi.eu/project/
ethical-approval.
This study is reported as per the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guideline (S1 STROBE Checklist).
Results
Fifty-six study centres from 18 countries (17 European countries and Israel; S1 Table) enrolled
22,849 patients to the CENTER-TBI Registry (for cumulative recruitment over the study, see
S1 Fig). A total of 21,681 TBI patients with known clinical care pathway and injury mechanism
were included in the overall cohort for analysis (Fig 1), a median of 247 (IQR 63 to 473) from
each centre.
Overall cohort
Patients enrolled into the CENTER-TBI Registry had a median age of 55 years (IQR 32 to 75
years) and a 61% (95% CI 60% to 62%) male preponderance; 55% (95% CI 54% to 56%) had
pre-existing medical conditions, 12% (95% CI 11% to 13%) (n = 2,578) and 11% (95% CI 10%
to 13%) (n = 2,466) were taking pre-injury anticoagulant or antiplatelet therapy. Overall, 82%
(95% CI 81% to 82%) (n = 17,702) presented to the study hospital ED with mild TBI (GCS 13–
15) (Table 1), with 89% (95% CI 89% to 90%) having normal pupillary responses. Overall,
8.4% (95% CI 7.1% to 9.6%) (n = 1,812) of patients arrived intubated, and 12% (95% CI 11% to
14%) (2,692) arrived as a result of a secondary transfer from a referring hospital. The radar
plot of hospital arrival times demonstrated a post meridiem (PM) hospital arrival predomi-
nance within the overall study cohort similar to that of TBI patients submitted to the Trauma
Audit and Research Network (S2 Fig). Patients presenting directly had CT brain imaging con-
ducted a median (IQR) of 68 (34 to 141) minutes after ED arrival. The majority (57% [95% CI
56% to 58%]) were admitted to hospital, and 19% (95% CI 18% to 20%) to intensive care (an
average of 2.5 hours after ED arrival). Overall, 31% (95% CI 30% to 32%) (n = 6,746) of
patients had injuries on CT brain scan. The most common of these were subarachnoid haem-
orrhage, small cerebral contusion, and small subdural haematoma (Tables 2 and 3). Extracra-
nial injuries were usually present in moderate severity (median extracranial ISS = 4), and 11%
(95% CI 9.8% to 12%) of patients received key emergency interventions, with craniotomy
(3.5% [95% CI 2.2% to 4.8%]) within 3 hours of ED arrival being the most common. Hospital
mortality was 6.7%, (95% CI 5.4% to 8.0%), with 71% (95% CI 70% to 72%) of patients being
discharged directly to their own home (Table 4).
Comparisons by energy transfer mechanism
Patient characteristics and care pathway. Forty percent (95% CI 39% to 41%) (8,622) of
the overall cohort were injured as a consequence of low-energy falls. Detailed comparisons of
patient characteristics between patients injured by low-energy falls (LE cohort) versus those
injured by high-energy transfer mechanisms (HE cohort) are provided in Tables 1 and 2. Road
traffic collisions, falls from a height, and assaults were the predominant causal mechanisms in
patients injured by high-energy transfer (Fig 1); the prevalence of low-energy transfer varied
from 30% to 50% in most participating countries and recruiting centres (Figs 2 and S1).
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Table 1. Demographics, injury mechanism, comorbidity, and presenting physiology of 21,681 TBI patients enrolled in the CENTER-TBI Registry.
Characteristic Overall High-energy TBI Low-energy TBI p-Value
Total 21,681 13,059 (60.2) 8,622 (39.8)
Demographic characteristics
Age (years), median (IQR) 55 (32–75) 42 (25–60) 74 (56–84) <0.001a
Age
Under 16 years 579 (2.7) 488 (3.7) 91 (1.1) <0.001b
16–64 years 12,782 (59.0) 9,934 (76.1) 2,848 (33.0)
65 years and over 8,317 (38.4) 2,635 (20.2) 5,682 (65.9)
Male
Overall 13,186 (60.8) 8,833 (67.6) 4,353 (50.5) <0.001b
Under 16 years 371 (64.1) 316 (64.8) 55 (60.4) <0.001b
16–64 years 8,831 (69.1) 7,044 (70.9) 1,787 (62.7)
65 years and over 3,982 (47.9) 1,472 (55.9) 2,510 (44.2)
Place of injury
Street/highway 7,324 (33.8) 6,328 (48.5) 996 (11.6) <0.001b
Home/domestic 8,295 (38.3) 2,860 (21.9) 5,435 (63.0)
Work/school 746 (3.4) 587 (4.5) 159 (1.8)
Sport/recreational 721 (3.3) 671 (5.1) 50 (0.6)
Public location 3,394 (15.7) 2,000 (15.3) 1,394 (16.2)
Other 735 (3.4) 308 (2.4) 427 (5.0)
Unknown 448 (2.1) 292 (2.2) 156 (1.8)
Missing 18 (0.1) 13 (0.1) 5 (0.1)
Pre-injury health status and medical history
Normal healthy patient 8,688 (40.1) 7,285 (55.8) 1,403 (16.3) <0.001b
Mild systemic disease 6,266 (28.9) 3,391 (26.0) 2,875 (33.3)
Severe systemic disease 5,105 (23.5) 1,569 (12.0) 3,536 (41.0)
Life-threatening disease 523 (2.4) 116 (0.9) 407 (4.7)
Taking anticoagulants 2,578 (11.9) 744 (5.7) 1,834 (21.3) <0.001b
Taking platelet aggregate inhibitors 2,466 (11.4) 783 (6.0) 1,683 (19.5) <0.001b
Taking both anticoagulants and platelet aggregate inhibitors 370 (1.7) 120 (0.9) 250 (2.9) <0.001b
Intracranial lesions and taking anticoagulants 580 (11.7) 207 (6.5) 373 (20.9) <0.001b
Intracranial lesions and taking platelet aggregate inhibitors 679 (13.7) 269 (8.5) 410 (23.0) <0.001b
Intracranial lesions and taking both anticoagulants and platelet aggregate inhibitors 114 (2.3) 37 (1.2) 77 (4.3) <0.001b
ED arrival physiology
GCS, median (IQR)c 15 (14–15) 15 (14–15) 15 (14–15) <0.001a
GCS
Mild TBI (GCS 13–15) 17,702 (81.6) 10,270 (78.6) 7,432 (86.2)
Moderate TBI (GCS 9–12) 830 (3.8) 480 (3.7) 350 (4.1)
Severe TBI (GCS 3–8) 1,195 (5.5) 879 (6.7) 316 (3.7)
No sum 1,835 (8.5) 1,366 (10.5) 469 (5.4)
Hypoxiac 287 (1.3) 183 (1.4) 104 (1.2) 0.219b
Hypotensionc 434 (2.0) 322 (2.5) 112 (1.3) <0.001b
Pupillary reactivityc <0.001b
Neither reacting 552 (2.5) 419 (3.2) 133 (1.5)
One reacting 483 (2.2) 313 (2.4) 170 (2.0)
Both reacting 19,409 (89.5) 11,694 (89.5) 7,715 (89.5)
Data are n (%) unless otherwise indicated.
aBy Mann–Whitney test for non-parametric variable distributions.
bBy chi-squared test.
cMissing data percentage is 5.0%–10% for low- versus high-energy TBI comparison.
ED, emergency department; GCS, Glasgow Coma Score; IQR, interquartile range; TBI, traumatic brain injury.
https://doi.org/10.1371/journal.pmed.1003761.t001
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Emergency department 9,286 (42.8) 5,511 (42.2) 3,775 (43.8) 0.021a
Admission 8,224 (37.9) 4,365 (33.4) 3,859 (44.8) <0.001a
Intensive care unit 4,171 (19.2) 3,183 (24.4) 988 (11.5) <0.001a
CT characteristics
Abnormal CT 6,746 (31.1) 4,226 (32.4) 2,520 (29.2) <0.001a
Abnormal CT with intracranial lesionb 4,959 (73.5) 3,177 (75.2) 1,782 (70.7) <0.001a
EDH—smallb 619 (9.2) 456 (10.8) 163 (6.5) <0.001a
EDH—largeb 239 (3.5) 175 (4.1) 64 (2.5) 0.001a
ASDH—smallb 2,036 (30.2) 1,271 (30.1) 765 (30.4) 0.808a
ASDH—largeb 983 (14.6) 520 (12.3) 463 (18.4) <0.001a
Contusions—smallb 2,449 (36.3) 1,698 (40.2) 751 (29.8) <0.001a
Contusions—largeb 567 (8.4) 404 (9.6) 163 (6.5) <0.001a
Compressed basal cisternsb 791 (11.7) 548 (13.0) 243 (9.6) <0.001a
Midline shiftb 1,592 (23.6) 883 (20.9) 709 (28.2) <0.001a
Subarachnoid haemorrhageb 3,509 (52.0) 2,397 (56.7) 1,112 (44.1) <0.001a
Marshall grading <0.001a




3,141 (24.3) 1,761 (20.5)
III—diffuse injury; cisterns compressed/absent with midline shift 0–5 mm (high/mixed density< 25 cm) 4,902 (22.8) 181 (1.4) 36 (0.4)
IV—diffuse injury; midline shift> 5 mm (high/mixed density< 25 cm) 217 (1.0) 107 (0.8) 94 (1.1)
V—surgically evacuated mass lesion 201 (0.9) 396 (3.0) 363 (4.2)
VI—non-evacuated mass lesion> 25 cm 759 (3.5) 401 (3.1) 266 (3.1)
Head/neck AIS, median (IQR) 2 (1–3) 2 (1–3) 1 (1–2) <0.001c
Cervical spine AIS, median (IQR) 0 (0–0) 0 (0–0) 0 (0–0) <0.001d
ISS, median (IQR) 9 (4–17) 9 (4–20) 6 (3–12) <0.001c
Extracranial ISS, median (IQR) 4 (1–9) 5 (1–13) 2 (0–8) <0.001c
Processes of care
Secondary referral—arrived from another hospital 2,692 (12.4) 1,720 (13.2) 972 (11.3) <0.001a
Length of stay (hours), median (IQR) 17 (3–137) 17 (3–137) 19 (4–137) 0.080
Arrived intubated 1,812 (8.4) 1,496 (11.5) 316 (3.7) <0.001a
Key interventions
At least 1 key emergency intervention 2,397 (11.1) 1,752 (13.4) 645 (7.5) <0.001a
Craniotomy 767 (3.5) 401 (3.1) 366 (4.2) <0.001a
ICP monitor insertion 753 (3.5) 609 (4.7) 144 (1.7) <0.001a
Decompressive craniectomy 275 (1.3) 201 (1.5) 74 (0.9) <0.001a
External limb fixation 293 (1.4) 276 (2.1) 17 (0.2) <0.001a
Othere 445 (2.1) 369 (2.8) 76 (0.9)
Data are n (%) unless otherwise indicated.
aLow- versus high-energy TBI comparison by chi-squared test.
cBy Mann–Whitney test for non-parametric variable distributions.
bDenominator is those with abnormal CT.
dCervical spine injury present in 21.0% and 13.3% of high- and low-energy TBI cohorts, respectively.
eIncludes external ventricular drainage, interventional radiology, damage control thoracotomy and laparotomy, and extraperitoneal pelvic packing.
AIS, Abbreviated Injury Scale; ASDH, acute subdural haematoma; CT, computed tomography; EDH, extradural haematoma; ICP, intracranial pressure; IQR,
interquartile range; ISS, Injury Severity Score; TBI, traumatic brain injury.
https://doi.org/10.1371/journal.pmed.1003761.t002
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Patients sustaining TBI from low-energy falls were significantly older (median [IQR]: LE
cohort, 74 [56 to 84] years, versus HE cohort, 42 [25 to 60] years; p< 0.001), with 66% (95%
CI 65% to 67%) aged 65 years and over, and were less likely to be male (LE cohort, 51% [95%
CI 49% to 52%], versus HE cohort, 67% [95% CI 66% to 69%]; p< 0.001) than patients injured
by high-energy mechanisms. Patients injured by low-energy mechanisms were more likely to
be injured at home (Table 1) and to arrive at the ED during daylight hours (S2 Fig). The low-
energy TBI cohort had a significantly higher prevalence of pre-existing disease (LE cohort,
79% [95% CI 78% to 80%], versus HE cohort, 39% [95% CI 38% to 40%]; p< 0.001) and sole
anticoagulant (LE cohort, 21% [95% CI 19% to 23%], versus HE cohort, 5.7% [95% CI 4.0% to
7.3%]; p< 0.001) or antiplatelet (LE cohort, 20% [95% CI 18% to 21%], versus HE cohort,
6.0% [95% CI 4.3% to 7.6%]; p< 0.001) usage than the high-energy TBI cohort, but were more
likely to present with mild TBI (GCS 13–15; LE cohort, 86% [95% CI 85% to 87%], versus HE
cohort, 79% [95% CI 78% to 79%]) and with normal pupils and vital signs (Table 1) than
patients injured by high-energy mechanisms. These differences persisted within care pathways
(Fig 3; S2 Table).
Patients injured by low-energy falls were less likely to present to hospital intubated (LE
cohort, 3.7 [95% CI 1.6% to 5.7%], versus HE cohort, 11% [95% CI 9.8% to 13.0%]; p< 0.001)
or via a secondary transfer (LE cohort, 11% [95% CI 9.2% to 13.0%], versus HE cohort, 13%
[95% CI 12% to 14%]; p< 0.001) and were more likely to have a delayed CT brain scan
(median [IQR]: LE cohort, 99 [49 to 179] minutes after ED arrival, versus HE cohort, 54 [29 to
109] minutes; p< 0.001). The proportion of the LE cohort admitted to hospital was similar to
that of the HE cohort (LE cohort, 56% [95% CI 55% to 58%], versus HE cohort, 58% [95% CI
57% to 59%]; p = 0.021), but the proportion receiving ICU care was half that of high-energy
TBI patients (LE cohort, 11% [95% CI 9.4% to 13%], versus HE cohort, 24% [95% CI 23% to
Table 3. Median (interquartile range) times (in minutes) from arrival to imaging and key emergency interventions in study hospital (21,681 patients).
Time interval Overall High-energy TBI Low-energy TBI p-Valuea
Time to CT in non-transferred patients 68 (34–141) 54 (29–109) 99 (49–179) <0.001
Time to ICU admission in non-transferred patients 151 (70–276) 152 (74–270) 150 (49–304) 0.632
Time to ICP monitor insertion 197 (87–485) 195 (89–472) 216 (77–568) 0.649
Time to craniotomy 142 (62–410) 115 (60–286) 190 (68–660) <0.001
Time to decompressive craniectomy 165 (71–761) 129 (70–657) 235 (83–1,105) 0.098
Time to first extracranial emergency intervention 137 (59–284) 128 (59–267) 170 (60–717) 0.064
aFromMann–Whitney comparisons of non-parametric variable distributions—high- versus low-energy TBI.
CT, computed tomography; ICP, intracranial pressure; ICU, intensive care unit; TBI, traumatic brain injury.
https://doi.org/10.1371/journal.pmed.1003761.t003
Table 4. Hospital mortality and discharge destination from study hospital (21,681 patients).
Outcome Overall High-energy TBI Low-energy TBI p-Valuea
Total 21,681 13,059 (60.2) 8,622 (39.8)
Hospital mortality 1,453 (6.7) 913 (7.0) 540 (6.3) 0.825
Discharged home 15,324 (70.7) 9,458 (72.4) 5,866 (68.0) <0.001
Discharged to other hospital 2,151 (9.9) 1,351 (10.3) 800 (9.3) 0.010
Discharged to rehabilitation 1,221 (5.6) 776 (5.9) 445 (5.2) 0.015
Discharged to nursing home 1,122 (5.2) 289 (2.2) 833 (9.7) <0.001
Data are n (%).
aLow- versus high-energy TBI comparison by chi-squared test.
https://doi.org/10.1371/journal.pmed.1003761.t004
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26%]; p< 0.001), although times from arrival to ICU admission were similar. Patients in the
low-energy TBI cohort had a similar hospital length of stay (median [IQR]: 19 [4 to 137]
hours) to the high-energy TBI cohort (Tables 2 and 3).
Injury characteristics. In patients injured by low-energy falls, the proportion with abnor-
malities detected on CT scan (including skull fracture) (29% [95% CI 27% to 31%]) and the
proportion of abnormal scans showing intracranial injury (70% [95% CI 69% to 73%]) were
lower than those of patients injured by high-energy mechanisms (32% [95% CI 31% to 34%]
and 75% [95% CI 74% to 77%], respectively; p< 0.001). Patients with intracranial injuries sus-
tained through low-energy mechanisms were more likely to be taking anticoagulants, platelet
Fig 2. Prevalence of low-energy transfer as TBI causal mechanism in countries participating in the CENTER-TBI Registry. Colour shading as
per key. Map from https://en.wikipedia.org/wiki/File:Europe_blank_map.png.
https://doi.org/10.1371/journal.pmed.1003761.g002
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aggregate inhibitors, or both (LE cohort, 21% [95% CI 17% to 25%], 23% [95% CI 19% to
27%], 4.3% [95% CI 0.0% to 8.8%], respectively, versus HE cohort, 6.5% [95% CI 3.2% to
9.9%], 8.5% [95% CI 5.1% to 12%], and 1.1% [95% CI 0.0% to 4.6%], respectively; p< 0.001).
Rates of large acute subdural haematoma (LE cohort, 18% [95% CI 15% to 22%], versus HE
cohort, 12% [95% CI 9% to 15%]; p< 0.001) and presence of midline shift (LE cohort, 28%
[95% CI 25% to 31%], versus HE cohort, 21% [95% CI 18% to 24%]; p< 0.001)—as a propor-
tion of patients with abnormalities on CT brain scan—were higher in the low-energy TBI
cohort. However patients with low-energy injuries were significantly less likely to have small
epidural haemorrhage (LE cohort, 6.5% [95% CI 2.7% to 10%], versus HE cohort, 11% [95%
CI 7.9% to 14%]; p< 0.001), large epidural haemorrhage (LE cohort, 2.5% [95% CI 0.0% to
6.3%], versus HE cohort, 4.1% [95% CI 1.2% to 7.0%]; p< 0.001), small contusions (LE cohort,
30% [95% CI 27% to 33%], versus HE cohort, 40% [95% CI 38% to 43%]; p< 0.001), large con-
tusions (LE cohort, 6.5% [95% CI 2.7% to 10%], versus HE cohort, 9.6% [95% CI 6.7% to
12.4%]; p< 0.001), subarachnoid haemorrhage (LE cohort, 44% [95% CI 41% to 47%], versus
HE cohort, 57% [95% CI 55% to 59%]; p< 0.001), and basal cistern compression (LE cohort,
9.6% [95% CI 5.9% to 13.0%], versus HE cohort, 13% [95% CI 10% to 16%]; p< 0.001). They
also had less severe extracranial injuries (median [IQR] extracranial ISS: LE cohort, 2 [0 to 8],
versus HE cohort, 5 [1 to 13]; p< 0.001). The rate of small subdural haematoma in low-energy
TBI patients was similar to that in high-energy TBI patients (30% [95% CI 27% to 33%])
(Table 2). The greatest relevant differences in Marshall CT grading were in rates of diffuse
injury (III and IV; Table 2); diffuse injuries were 50% more common in the high-energy TBI
cohort. Overall, the low-energy TBI cohort had a lower rate of key emergency intervention (LE
cohort, 7.5% [95% CI 5.4% to 9.5%], versus HE cohort, 13% [95% CI 12% to 15%]; p< 0.001).
This was observed for interventions associated with critical care (intracranial pressure
Fig 3. High-energy and low-energy TBI patient characteristics compared within 3 care pathways. The 3 care pathways are as follows: discharged or
died in emergency department (ER; left column), admitted to ward but not receiving critical care in study hospital (ADM; central column), and
admitted and received critical care in study hospital intensive care unit (ICU; right column). �Denominator is number of patients in energy transfer and
care pathway cohort. CT, computed tomography; GCS, Glasgow Coma Score; TBI, traumatic brain injury.
https://doi.org/10.1371/journal.pmed.1003761.g003
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monitoring and decompressive craniectomy) and extracranial injuries (external limb fracture
fixation); however, the craniotomy rate was greater in the low-energy TBI cohort (LE cohort,
4.2% [95% CI 2.2% to 6.3%], versus HE cohort, 3.1% [95% CI 1.4% to 4.8%]; p< 0.001)
(Table 2). In the low-energy TBI cohort, there was a greater time delay between arrival at the
study hospital and the provision of emergency interventions such as craniotomy (Table 3);
however, the time delay difference was only statically significant for patients receiving
craniotomy.
Outcomes. Hospital mortality was similar in the high- and low-energy TBI cohorts (6.3%
[95% CI 4.2% to 8.3%], versus 7.0% [95% CI 5.3% to 8.6%], respectively; p = 0.825); however,
there was a greater time to death—from arrival in the study hospital—in low-energy TBI
patients than in high-energy TBI patients (median [IQR]: 4 [1.6 to 11] versus 2 [0.7 to 7.5]
days; p< 0.001). The rate of discharge home was lower (68% [95% CI 67% to 69%] versus 72%
[95% CI 72% to 73%]; p< 0.001), and to nursing homes higher (9.7% [95% CI 7.7% to 12%]
versus 2.2% [95% CI 0.9% to 3.9%]; p< 0.001), in the low-energy TBI cohort compared with
the high-energy TBI cohort, with similar proportions referred for rehabilitation or transferred
to other hospitals (Table 4). When care pathway was accounted for, mortality in the low-
energy injury cohort was 6% higher in ICU patients (LE cohort, 22% [95% CI 17% to 28%],
versus HE cohort, 16% [95% CI 13% to 20%]) and 4 times greater in admitted patients (LE
cohort, 4.2% [95% CI 1.1 to 7.3%], versus HE cohort, 0.9% [95% CI 0.0% to 3.8%]; Fig 3).
The observed differences in rates of critical care admission, and the 4-fold greater in-hospital
mortality rate in patients with low-energy TBI admitted to the ward, were unexpected and
prompted exploratory assessment of the contribution of energy transfer level to likelihood of
critical care/hospital admission and mortality—in risk-adjusted analyses that were not prespeci-
fied. The 50% reduction in likelihood of critical care provision for the low-energy TBI cohort
persisted after variables influencing critical care admission decisions were adjusted for—
adjusted odds ratio 0.46 (95% CI 0.43 to 0.50) to 0.77 (95% CI 0.53 to 1.12) after accounting for
the interaction between age and energy transfer mechanism (S3 Table; S3 Fig). The multivari-
able logistic regression adjusted for demographics (age and sex), injury (ED arrival GCS and
intubation status, ED pupillary responses, Marshall classification of CT findings, and AIS grad-
ing of extracranial injury severity), and comorbid status (pre-existing health and anticoagula-
tion). A reduction in the likelihood of hospital admission was also observed for patients injured
by low- when compared to high-energy transfer, albeit less so in older people (S4 Table; S4 Fig).
In patients with TBI admitted to the ward or intensive care, the characteristics more often asso-
ciated with patients injured by low-energy transfer (older age, pre-injury comorbidity and
anticoagulation, and—in ward admissions—having non-evacuated mass lesion [Marshall VI])
were strong independent predictors of hospital mortality; after adjustment for these (and injury
severity variables predicting hospital mortality after TBI [18]), low-energy transfer did not inde-
pendently predict mortality (S5 and S6 Tables; S5 and S6 Figs). Non-evacuated intracranial
mass lesions (Marshall VI) were present in 3.1% (n = 118) and 1.2% (n = 53) of ward admission
patients injured by low- and high-energy transfer, respectively (p< 0.001).
Discussion
The CENTER-TBI Registry shows that at least 40% of TBI patients presenting to European
and Israeli hospitals are injured by low-energy falls. Our results show that patients injured by
low-energy transfer mechanisms (falls) and those injured by high-energy transfer mechanisms
(mainly road traffic incidents) are very distinct subpopulations. To our knowledge, this is the
first pan-Euro/Israeli study to identify and compare these 2 disease cohorts. Compared to the
broader past literature, we observed a greater proportion of older adults (�65 years old)—
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almost 39% of all patients presenting with TBI, as opposed to the 10% to 17% previously
reported elsewhere [22,28]. This might be attributable to case ascertainment improvements
following recommendations that all older head trauma and/or anticoagulated patients with
TBI symptoms receive CT scanning, rather than only to ageing of the population [8,29].
We found that patients in the low-energy TBI cohort, compared with the high-energy TBI
cohort, were on average 32 years older, more likely to be female, more than 3 times as likely to
be taking pre-injury anticoagulant or platelet aggregate inhibitor medication, and less likely to
be classified as moderately or severely injured (based on GCS). Nevertheless, both groups
showed clinically similar rates of abnormality on CT scan (29% and 32%), acute hospital
admission (58% for high energy, 56% for low energy), and hospital mortality (6.3% and 7.0%).
However, the low-energy TBI cohort was 50% less likely to receive critical care (12% versus
24%) or emergency intervention (7.5% versus 13%).
Low-energy TBI cohort
Our finding that 40% of TBI patients presenting to European hospitals are injured by low-
energy falls clearly demonstrates that this low-energy TBI cohort forms an important compo-
nent of TBI and requires targeted prevention strategies [22,30]. Further, the specific features of
this cohort have substantial implications for both clinical care and research. Sixty-six percent
of patients injured by low-energy mechanisms are over 64 years of age—a common age cut-off
in many clinical trials. Such disenfranchisement of older adults in clinical TBI research is inap-
propriate—on the contrary, dedicated studies are required [31].
Perhaps most importantly, our results suggest a need to review clinical care pathways and
priorities for this group of patients. Our finding that the low-energy TBI cohort was 50% less
likely to receive critical care (even after adjustment for age and comorbidity; S3 Table) or emer-
gency intervention highlights an apparent ‘non-interventional’ approach towards patients
injured by low-energy TBI across the continent. This was particularly evident in our post hoc
analysis of the drivers of the 4-fold higher mortality rate in low-energy TBI patients admitted to
the ward. This analysis showed that reduced rates of intervention (as evidenced by a higher inci-
dence of non-evacuated mass lesions), in addition to age, anticoagulation use, and comorbidity,
are explanatory low-energy-TBI-associated features, each independently predicting mortality in
ward admissions (S5 Table; Fig 3). The lower critical care provision, and longer times from ED
arrival to CT brain scan and emergency interventions, appear to implicitly reflect triage deci-
sions. However, our analyses suggest that low-energy TBI patients do receive timely critical care
when their presenting consciousness level is impaired (Table 3; Fig 3). The registry variables did
not include ‘ceiling of care’; hence, it is uncertain whether the apparent non-intervention strat-
egy for the low-energy TBI cohort reflects therapeutic nihilism approach.
The prevalence of TBI patients taking anticoagulant or/and antiplatelet medication within
our study is much higher in the low-energy TBI cohort (44%) than the high-energy TBI cohort
(13%), with a greater likelihood of hospitalisation. This reflects the high propensity of these
patients with significant comorbidity and frailty to sustain TBI from low-level falls; age-related
intracranial changes may also challenge assessment by allowing a higher GCS at presentation
compared to younger patients with similar intracranial injury [32]. These findings point to the
need for a holistic personalised medicine approach for TBI patients requiring multidisciplinary
acute care. Such an approach addresses each patient’s pre-existing health issues, the specific
brain injury sustained, and their interaction. Overall, there was a higher frequency of intracra-
nial haemorrhage in patients taking antiplatelet medication than in patients taking anticoagu-
lants. These results are in accordance with previous studies [3,32,33], and may possibly be
explained by the fact that anticoagulant medication can (and should) be reversed, whilst
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antiplatelet medication cannot [34]. These findings indicate the need for imaging guidelines to
give as much attention to antiplatelet therapy as to anticoagulation therapy. Our exploratory
analyses (S5 and S6 Tables) suggest that specific features of the low-energy TBI cohort—having
pre-existing health issues and taking anticoagulation medication—are strong independent pre-
dictors of hospital mortality in current-day practice. This signals a need to reassess TBI out-
come prediction models, which were mostly developed on older data and did not include
these factors and in which, importantly, older patients were underrepresented in the develop-
ment population [22].
The observed equivalent hospital admission and mortality rates for patients injured by low-
and high-energy transfer mechanisms challenge the generalisability of the current paradigm of
trauma care systems to prioritise patients injured by high-energy mechanisms [8,9]. For older
patients with TBI, the assumption that energy transfer is proportionate to severity of intracra-
nial injury does not appear to be valid. A reappraisal of current injury prevention and clinical
management policies is indicated [35].
Strengths and limitations
The CENTER-TBI Registry study had several strengths: the standardised and robust data col-
lection system, large sample size from specialist neuroscience centres, likely representativeness
of the study sample (as illustrated in S2 Fig), participation by a large number of hospitals from
18 countries (17 in Europe and Israel), and inclusion of all TBI severities and age groups. Fig 2
illustrates a considerable low-energy TBI disease burden across countries—the median (IQR)
prevalence of low-energy TBI by centre was 36% (24% to 50%) (S1 Fig), suggesting our find-
ings do not result from clustering of low-energy TBI patients in a few large centres or in spe-
cific countries. Indeed, as one might expect, the highest-recruiting centres had lower rates of
patients injured by low-energy transfer—as study centres with larger catchment populations
receive a greater proportion of their patients with TBI through EMS prehospital triage prioriti-
sation of high-energy TBI [7,9,36]. The low-resource-intensive data collection for the registry
has enabled the creation of a large dataset that includes patients with dementia and other
causes of pre-existing cognitive impairment, characterised by validated energy transfer
descriptions. The registry data may therefore be more generalisable to TBI populations across
Europe—particularly those admitted to ward settings—than the core study.
Rates of disability beyond discharge were not available in the registry; however, the low
rates of discharge home (68% in low-energy TBI and 72% in high-energy TBI) are consistent
with the significant rates of post-discharge disability reported in the core study [24]. The regis-
try did not record alcohol ingestion, which may contribute to both energy transfer cohorts
(falls in the low-energy TBI cohort, and assaults and road traffic collisions in the high-energy
TBI cohort). Our estimates for the study population may be subject to bias as a result of miss-
ing data and our purposive sampling strategy. The statistical power arising from the large sam-
ple size identified some clinically insignificant differences between the cohorts (proportions
with ED pathway, abnormal CT, and intracranial injury) as statistically significant. Five per-
cent of individuals in the registry were excluded because mechanism of injury was unknown;
this may reflect the clinical reality of TBI patients being ‘found’ with impaired consciousness
or amnesia and a lack of reliable incident witnesses. As a group, the demographic, injury, and
outcome characteristics of those excluded suggest this group contained patients injured by
high- and low-energy transfer (S7 and S8 Tables). The reality of injury incidents being unwit-
nessed—particularly in people falling whilst alone at home—means prehospital staff estimate
fall height, resulting in possible misclassification; there is also some variation in classification
of the height above ground that is considered low-energy transfer [3,8,9]. The CENTER-TBI
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study centres are generally specialist hospitals that receive a high proportion of TBI patients by
secondary transfer or directly from the scene of EMS triage, bypassing closer non-specialist
hospitals; these patients are generally high-energy TBI patients (Table 2; S1 Fig). Therefore,
the proportion of patients with TBI injury by low-energy mechanisms across Europe may be
greater than 40%; however, external validity is supported by CENTER-TBI hospital arrival
times mirroring those from the Trauma Audit and Research Network (S2 Fig) [18,31]. Our
analysis of factors explaining the increase in mortality (S5 and S6 Tables) in low-energy TBI
ward and ICU admissions was not prespecified in our analysis plan and should be considered
hypothesis-generating, requiring a specific ‘appropriate intervention’ a priori focus in future
research.
Conclusions
Broad overall descriptions mask the heterogeneity of TBI as a disease. We present the largest
standardised and consistently reported description of patients with TBI presenting to hospi-
tals across Europe and Israel to our knowledge, highlighting 2 separate disease cohorts. Clini-
cians and trauma care systems need to recognise the potential for life-threatening TBI in
patients injured by low-energy falls—particularly in alert older patients and those taking
anticoagulant or antiplatelet medication. Our findings suggest that within the older cohort,
TBI triage based on energy transfer may not inform risk of intracranial injury and hospital
mortality. Further studies should test the justification for providing lower rates of critical
care and emergency intervention for those injured by low-energy mechanisms. Reduction of
the burden and impact of TBI can only be achieved through public health policies and guide-
lines targeted at the prevention and management of TBI resulting from both high- and low-
energy mechanisms.
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L. Feigin52, Kelly Foks53, Shirin Frisvold54, Alex Furmanov55, Pablo Gagliardo56, Damien
PLOS MEDICINE Low-energy traumatic brain injury
PLOSMedicine | https://doi.org/10.1371/journal.pmed.1003761 September 14, 2021 18 / 22
Galanaud16, Dashiell Gantner28, Guoyi Gao57, Pradeep George58, Alexandre Ghuysen59, Lelde
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Alfonso Lagares62, Linda Lanyon58, Steven Laureys78, Fiona Lecky79,80, Didier Ledoux78, Rolf
Lefering81, Valerie Legrand82, Aurelie Lejeune83, Leon Levi84, Roger Lightfoot85, Hester
Lingsma64, Andrew I. R. Maas43, Ana M. Castaño-León62, Marc Maegele86, Marek Majdan20,
Alex Manara87, Geoffrey Manley88, Costanza Martino89, Hugues Maréchal49, Julia Mattern90,
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